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ON-LINE NONLINEAR PROGRAMMING AS A GENERALIZED
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Abstract. We establish results for the problem of tracking a time-dependent manifold arising in on-
line nonlinear programming by casting this as a generalized equation. We demonstrate that if points along
a solution manifold are consistently strongly regular, it is possible to track the manifold approximately by
solving a single linear complementarity problem (LCP) at each time step. We derive sufficient conditions
guaranteeing that the tracking error remains bounded to second order with the size of the time step, even if
the LCP is solved only to first-order accuracy. We use these results to derive a fast, augmented Lagrangean
tracking algorithm and demonstrate the developments through a numerical case study.
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1. Introduction. Advanced on-line optimization, control, and estimation strategies rely
on repetitive solutions of nonlinear programming (NLP) problems. The structure of the NLP
is normally fixed, but it depends on time-dependent data obtained at predefined sampling
times (e.g. sensor measurements and model states).

Traditional on-line NLP strategies try to extend the sampling time (time step) as much
as possible in order to accommodate the solution of the NLP to a fixed degree of accuracy.
A problem with this approach is that it neglects the fact that the NLP solver is implicitly
tracking a time-dependent solution manifold. For instance, insisting on obtaining a high
degree of accuracy can translate into long sampling times and increasing distances between
subsequent problems. In turn, the number of iterations required by the NLP solver increases.
This inconsistency limits the application scope of on-line NLP to systems with slow dynamics.

Approzimate on-line NLP strategies, on the other hand, try to minimize the time step by
computing a cheap approximate solution within a fixed computational time. Since shortening
the time step reduces the distance between neighboring problems, this approach also tends to
reduce the tracking error. These strategies are particularly attractive for systems with fast
dynamics. However, an important issue is to ensure that the tracking error will remain stable.

Approximate strategies such as real-time iterations and continuation schemes have been
studied previously in the context of receding-horizon control and estimation. These strategies
solve a single Newton-type step at each sampling time. In the real-time iteration strategy
reported in [7], the model is used to predict the data (e.g., states) at the next step, and
a perturbed quadratic programming (QP) problem is solved once the true data becomes
available. In the absence of active-set changes, the perturbed QP reduces to a perturbed
Newton step obtained from the solution of a linear system. It has been demonstrated that,
by computing a single Newton step per time step, the tracking error remains bounded to
second order with respect to the error between the predicted and the actual data. In order
to prove this result, a specialized discrete-time, shrinking-horizon control setting was used. A
limitation of this analysis is that the impact of the size of the time step gets lost, and the
results cannot be applied directly in a more general setting. Furthermore, no error bounds
have been provided for the case in which non smoothness effects are present along the manifold
(e.g., active-set changes).
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The continuation scheme reported in [14] is a manifold tracking strategy in which the
optimality conditions of the NLP are formulated as a differential equation. This permits a
detailed numerical analysis of the tracking error as a function of the size of the time step. Suf-
ficient conditions for the stability of the tracking error are derived. However, no order results
are established. For implementation, the differential equation is linearized and discretized
to derive the Newton step. The resulting linear system is solved approximately by using an
iterative scheme such as generalized minimum-residual (GMRES). The use of an iterative lin-
ear solver is particularly attractive because it can be terminated early, as opposed to direct
solvers. This is important in an on-line environment since it can significantly reduce the size
of the time step. However, a limitation of continuation schemes is that active-set changes need
to be handled indirectly using smoothing techniques (e.g., barrier functions [14, 17, 6]) which
can introduce numerical instability.

In this work, we present a framework for the analysis of on-line NLP strategies based on
generalized equation (GE) concepts. Our results are divided in two parts. First, we demon-
strate that if points along a solution manifold are consistently strongly regular, it is possible to
track the manifold approximately by solving a single linear complementarity problem (LCP)
per time step. We derive sufficient conditions that guarantee that the tracking error remains
bounded to second order with the size of the time step, even if the LCP is solved only ap-
proximately. These results generalize the approximation results in [7, 14] in the sense that we
consider both equality and inequality constraints, with the possibility of changing the active-
set along the manifold. In particular, the proposed approach does not require any smoothing,
which makes it numerically more robust. Second, we derive an approximation approach where
the NLP is reformulated using an augmented Lagrangean function. This permits the use of a
matrix-free, projected successive over-relaxation (PSOR) algorithm to solve the LCP at each
sampling time. We demonstrate that PSOR is particularly efficient because it can perform
linear algebra and active-set identification tasks efficiently.

The paper is structured as follows. In the next section, we review basic concepts of
parametric generalized equations. In Section 3 we will establish general approximation results
and derive stability conditions for the tracking error. In Section 4 we will specialize these to
the context of nonlinear programming. The augmented Lagrangean tracking algorithm and
associated stability properties are presented in Section 5. A numerical case study is provided
in Section 6. The paper closes with conclusions and directions of future work.

2. Generalized Equations. In this section, we use the notation from [15, 4]. Consider
the following parametric GE problem: For a given ¢t € T'C R, find w € W C R™ such that

0€ Flw,t) + Ni(w). (2.1)

Here, FF : W x T — Z is a continuously differentiable mapping in both arguments. The
multifunction N : W — 27 is the normal cone operator,

w’ —a)Tv>0,v K}oif K
NK<w)={{”e B (2.2)

where K C W is a polyhedral convex set and W’ is the dual space of W. We denote the
solution of (2.1) as wy.

Our final goal is to create a discrete-time scheme w;, providing a cheap but stable ap-
proximation of the solution of (2.1), wy, . To achieve this, we will perform a single truncated
Newton iteration for the generalized equation per time step.

2.1. The Nonlinear Equation Case. While our work is concerned primarily with the
situation when the generalized equation contains inequalities, a good intuition as to why
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a truncated approximation scheme works can be obtained by considering the case without
inequality constraints F'(w,t) = 0 or, equivalently, of K = R". In this particular case, the
discrete-time scheme is obtained from

Ttk + vwF(’lI)tk,tk)(w — lf)tk) + VtF(’lI)tk7tk)At + F(’J)tk,tk) = 0 (23)

Here, At = tj41 — t, and ry, models the fact that the Newton iteration is solved inexactly.
The solution of this linear system is w = wy,,,. Assume that ||[V,F||, ||[VuF 7|, V.F
and all the second derivatives of F' are uniformly bounded. After inverting V,F' in (2.3)
squaring the terms, and using the triangle inequality, we obtain that there exists 79 = 3 -
max{]| ’VwF_lH2 ) VwF_1H2 |IV+F||*}, independent of ¢ and w, such that

_ _ 2 2 _ 2
[ = D[ < 0 (A e, |+ 1 (e ) ) (2.4)

Using Taylor’s theorem, (2.3), and the triangle inequality, we obtain that there exists 73 > 0,
dependent on the second derivatives of F', independent of ¢t and w, such that

_ _ _ 2
1y, )] < N+ (A8 + [0, =00, 7) - (2:5)

Then, if we choose At < 1 and solve the linear system (2.3) such that ||, || < 72 ||A[, it

follows from (2.5), after replacing ||wy, , — wtkHQ from (2.4), that

P (@, )| < 43 A + 34 [|F(wn,, 1)1 (2.6)

where 73 = Y2 + 71(1 +70) + 27071173 , and 4 = Yo71. It follows that, as soon as At <
1/4/4747s, we have that

HF(wtk’tk)” < 2’73At2 = ||F(wtk+17tk+1)|| < 2’73At2-

By induction, we have that the preceding holds for all k. Therefore, if we solve the linearized
problem sufficiently accurately, then for a sufficiently small time step we have that the residuals
at all time steps will not exceed O(At?). Therefore, the solution manifold of F(w,t) = 0 can
be tracked by the approximation scheme within O(At?). In particular, the discrete scheme
remains stable as At — 0.

Approximation results can also be established for the more general case including in-
equality constraints (i.e., the cone K is not trivial), but this task is not straightforward. The
difficulties, as pointed out in [7], are technical and include the fact that, in the presence of
inequality constraints, we cannot algebraically invert the solution mapping. In addition, non-
smoothness effects prevent the application of Taylor-like results. These are the difficulties we
resolve in the following sections.

2.2. Linearized Generalized Equations. An important consequence of the structure
of (2.1) is that it allows us to analyze the smooth and nonsmooth components independently.
This greatly simplifies the task of establishing theoretical properties. As before, we are inter-
ested in constructing approximation schemes to track w;. We start by defining the linearized
generalized equation (LGE) at a given solution wy ,

r € F(wi,, to) + Fu(wy,, to)(w — wi,) + Nk (w) (2.7)

where Fy,(w,t) := V,F(w,t) € R**™. If K = R (the nonnegativity orthant), solving the
above LGE is equivalent to solving the perturbed linear complementarity problem,

w>0, v=F(w;, to)+F,(wj to)Aw—r>0, w'v=0. (2.8)
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If F,, is a symmetric matrix then (2.8) are, in turn, the optimality conditions of the quadratic
programming (QP) problem,

1
min —Aw" F,(wy, to) Aw + F(wy,, to)" Aw — r" Aw. (2.9)

szfwt’fo

We can rewrite (2.1) at any point w, ¢ in the neighborhood of wy}, in terms of (2.7) by defining
the residual,

r(w,t) = F(wfo,tg) + Fw(wfo,to)(w - wfg) — F(w,t). (2.10)
This gives, for any point satisfying (2.1),
r(w,t) € F(wf ,to) + Fu(wj,, to)(w — wf)) + N (w). (2.11)

The above formulation will allow us to bound the distance between wy, and neighboring points
in terms of r(w,t).

Central to this study is the inverse operator 9y=! : Z — W of the perturbed LGE (2.11)
which we define as

w e w_l[r] & re F(wy,,to) + Fu(wf,to)(w — wy) + Nk (w). (2.12)

In other words, the operator is a multifunction from the space of the residual (perturbation) of
the LGE to the space of the solution. Note that the operator and the residual r(w, t) depend
implicitly on the linearization point wj . This dependence will be made clear from the context,
so we will not carry it in the notation. Some basic properties arising from the definition of
the inverse operator are as follows:

wi € r(wi, to)] = 0], wiey T r(wy, ).

DEFINITION 2.1. (Strong Regularity [15]). It is said that wy, is a strongly regular solution
of the LGE (2.11) if there exists a neighborhood Viy € W of wf, and a neighborhood Vz C Z
of r(wy,,to) = 0, such that for every r € Vz, (2.11) has a unique solution w = ¢ ~'[r] € Viy,
and the inverse mapping =" : Vz — Vi is Lipschitz with constant Ly. That is, for any
r1,T2 € Vz,

[~ 1] = o)l < Ly [lry — 72l

Establishing conditions for strong regularity consists of seeking properties of the derivative
matrix F, (wy,to) guaranteeing that 1~ becomes a single-valued function. To explain this,
we consider the case K = R’}. At a given solution wy , system (2.11) will have three different
components,

(szo + b)] = 07 (w:g)j > 07 j =1: Na, (213&)
(Muw;j, +b); =0, (w;); =0, j=ne+1:n,+n,, (2.13b)
(Mw:() + b)J > 0’ (wz))j = 07 ] =ng+n,+1: n, (2130)

where n = ng 4+ ns +ni, M := Fy(w},,to), and b := F(w} ,to) — Muwy,. By eliminating the
last n; inactive components from the system, M can be reduced to

- M;; M,
M = 2.14
[ Ma; M, } ’ (2.14)
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and (2.11) can be expressed in the reduced form
re My+B+Nwraxmis (Y). (2.15)

where y € ®%t7 and bT = [b] bY].

THEOREM 2.2. (Theorem 3.1 in [15]). Consider the system (2.15) and the operator
Yy:=My+b + Nyna scpns ()

Necessary and sufficient conditions for =% to be Lipschitzian are (i) My, is nonsingular and
(ii) Moy — MglMﬁlMlg have positive principal minors. In Section 4, we will interpret these
conditions in the context of parametric NLP. Using this basic set of tools, we now establish
results that will allow us to construct algorithms able to track the solution manifold of (2.1).

3. Approximation Results. In our discussion, we will make the following blanket as-
sumption.

ASSUMPTION 1. The mapping F,,(w,t) is Lipschitz in both arguments with constant L,
YweW,teT.

THEOREM 3.1. Assume wy, is strongly reqular. Then, there exist neighborhoods Vi and
Vr and a unique and Lipschitz continuous solution w; € Vi of the GE (2.1) that satisfies,
for each t =ty + At € Vp,

(1) lwi = w, || < LAt (3.1)

with Ly, > 0. In addition, consider the approzimate solution w; computed from the perturbed
LGE (2.11) with r = F(wy, ,to) — F(wj,,t). We have that w; satisfies

(ir)  [lwi — we| = o(At),
and, if Assumption 1 holds,
fiii) w; — ] = O(AR).

Proof. Result (i) follows from strong regularity (Def. 2.1) and Lipschitz continuity of ¢~!.
This can be established under a fixed-point argument for sufficiently small At, as shown in
Theorem 2.1 in [15] and Theorem 5.13 in [4]. Result (ii) follows from strong regularity (Def.
2.1) and from the definition of the residual (2.10) for wy,

[w; = @] < Ly |[r(wis t) —r||
< Lyl (F(wi, to) + Fu(wi,, to) (w] —wj,) — F(wy, 1)) — (F(wj,, to) — F(wy,. 1)) |
< Lyl Fu(w,, to) (wy —wy,) — F(wg, ) + F(wg,, t)]].

From the integral mean value theorem we have

1
F(wg,t) — F(wy,, ) :/O By (wi, + x(wi —wy), t)(wy —wy, )dx, (3.2)

so we obtain, after replacing (3.2) in the preceding equation, that
nw—wm<Lm%—wmw/ o t0) = Fuu, + X = 0i,).0) |

< LyL,At H/ w(wy, to) — Fu(wi, + x(w; —wy,),t)) dXH = o(At).
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Result (iii) is a consequence of the Lipschitz continuity of F,,
1
[wi —w]| < LwLwAt/O (| (Fu(wi,, to) — Fu(wy, + x(wi —wy,), 1)) dx
1
< LoLut [ Lo (i = ui,)| + A0
0

(i) 1 1
< LyL,AtLp, <2LwAt + At) < LyL,Lp, <2Lw + 1> At? = o(At?).

The proof is complete. O

Having a reference solution wy , we can compute the approximate solution w; by solving
the LCP (2.8) or the QP (2.9) with r = F(w} ,to) — F(wf,,t). From Theorem 3.1, we see that
this approximation can be expected to be close to the optimal solution w; even in the presence
of active-set changes. In our approximate algorithm, however, we relax the requirement that
wy, be available. Instead, we consider a linearization point wy, located in the neighborhood
of wj . In addition, we assume that the LCP is not solved exactly. In other words, w; is the
solution of the LGE,

Te € F(wtoat) + Eﬂ(wtmto)(w - wto) +NK(U/), (33)

where 7. € R™ represents a given solution error. This system can be posed in form (2.11) by
the following definition:

r=r.+ F(wfo,to) + Fw(wz‘o,to)(w - w;"o) — F(wyy,t) — Fy(wy,, to) (w — Wy, ). (3.4)

Note that, in this case, the perturbation r is an implicit function of the solution w = w;.
However, note that (3.4) is used only as an analytical tool. In practice, it is not solved as an
implicit LGE. In the following theorem we establish stability conditions for the tracking error
[[we — w]l.

THEOREM 3.2. (Stability of Tracking Error). Assume wy, is a strongly regular solution
of (2.11). Define w; as the solution of the perturbed LGE (3.3) where Wy, is a point in the
neighborhood Vyy of wf . The associated residual v(wy,,to) is assumed to satisfy

Hr(wtmto) - T(wroatO)H S 67'7

with 6, > 0. Assume there exists 6. > 0 such that ||rc|| < dc. If there exists k > 0 and if At
is chosen sufficiently small such that

Lr

w

1
(LwLFw (§Lw + 1) + n) At? + 6. <0, (1 — gLFwapar> , (3.5b)

Ly (Ly + 1) At 6, < kA (3.5a)

then the tracking error remains stable:
[@Wi, — wi | < Lypdr = [lwy —wi| < Lyd,.
Proof. From strong regularity (Def 2.1) and the assumed initial residual we have

[@i, = wi || < Ly [[r (@, t0) = r(wiys to) || < Ly (3.6)
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To bound ||@w; — w}|| we need to bound the distance between the associated residuals. From
(3.4) and (2.10) we have
r—r(w;,t)
=1re + F(wy,, to) + Fu(wy,, to) (w0 — wyf)) — F(Wy,,t) — Fu (W4, to) (W0 — Wy,)
= F(wj,, to) = Fu(wi,, to)(wi —wy,) + F(wy, )
=rc + Fy(wf, to) (W — wf) — F(Ws,,t) — Fu (W4, to) (0 — Wy,)
— Fu(wy,, to)(wi —wy)) + F(w], )
= re + F(wg, t) — Fu(wy,, to) (w; —wy,) — F(wy,, 1)
—|—F(wfo,t) - F, (wto,to)(wto — Wy, ) — F (w4, 1)

(@
+ Fu(wiy, to) (0r — w + wi — wi,) = Fyp (0ry, to) (0 — wy +wi| — wy).

As in Theorem 3.1, we use the mean value theorem to compute the bounds:
* X 1
V(a0 P ) — )~ P 0 < L, L 41) o
* _ * - _ 1
(w0~ Fu g to)u, — 1) ~ Pl 0] < L (5E362 4 Lydvare).

We also have ||r¢|| < dc. The remaining terms can be bounded as follows:

([ (Wi to) (0 — wi +wi — wy ) = Fu (W, to) (0 — wy +wy —wy)|
< L, lwg, = g, [|([@r = wi]| + [Jwy —wy[])
S LFde,(STH’lI)t - w:” + LFwLwLwérAt-

Merging terms, and moving all terms containing ||@w; — w;|| to the left, we obtain
[ = will < Lylr = r(wg, )]
1 1
< Lybe + LyLyLr, (§Lw + 1) At* + LyLp, <§L3p<53 + LwérAt)

+ LwLF‘wLwérnﬁ)t — wt*H + L’lPLFw LwLw(STAtﬁ
[@¢ — wi|
- Lw(se + LwLwLFw(%Lw + 1)At2 + Lil)LFw( L2 (52 + L¢5 At) + LwLF L Lw(g At
= 1 Lp,L? 5

To establish stability, we need to find conditions for At such that ||@; — wy|| < Lyd,. This

implies,

Lybc+ LyLyLp, (3Lw + 1)At* + Ly Lp, (51267 + Ly6,At) + Ly L, Ly Ly, At
1—-Lpg L (5

w

Lyb, >

Dividing through by L., multipliying with the denominator, and simplifying we have

3 1
6 = 5L, L3602 > 6.+ LyLp, <2Lw + 1) At? 4 Ly, Ly (Ly + 1) At9,..

This condition is satisfied if (3.5a)-(3.5b) hold. The proof is complete. O
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COROLLARY 3.3. Assume conditions of Theorem 3.2 hold V't € [to,ts]. Then,

tr —to

Hwtkﬂ - w:k+1 ” < Lw% lpt1 =1 + k-At, VE < At

Proof. Follows by induction. O

Discussion of Theorem 3.2. At every t;, Awy, is obtained by solving the LGE (3.3).
The approximation of wy, . is obtained from wy,,, = wy, + Awy, . We have thus created an
algorithm that tracks the solution manifold of the parametric GE (2.1) by solving inexactly
(within 6.) one LCP at every step. This allows us to use an iterative algorithm that can be

terminated early.
From Theorem 3.2, a condition for (3.5a)-(3.5b) to hold is that

[ (@5 th) = r(wi s t)ll = [1F (w5 tr) + F(wy, s i) (@, — wy, ) = Floy, ty) || < 6r, (3.7)

where 7(wyf_,tx) = 0. This condition gives a guideline for monitoring the progress of the
algorithm. Condition (3.5a) can be satisfied easily for 6, = o(At), O(At?). Condition (3.5b)
is stricter. If 6, = o(At), this condition states that the solution error should be at least
dc = o(At). The first term on the left-hand side represents the tracking error of w; if wy, is
used as linearization point. If we choose §, = O(At?) at the initial point, and J. = O(At?) at
all subsequent iterations, there will exist x such that for all At sufficiently small the tracking
error is O(At?) as stated in Theorem 3.1. Note that a small L, is beneficial because it relaxes
both (3.5a) and (3.5b). As seen in Theorem 2.2, this Lipschitz constant can be related to the
conditioning of the derivative matrix F,.

We also note that the technique of proof for Theorem 3.2 is similar to the one concerning
the geometrical infeasibility of a time-stepping method [1] for differential variational inequal-
ities (DVI) [13]. Indeed, one can prove that the parameteric solution w; satisfies a DVI.
Nevertheless, the fact that the problem has no dynamics makes it easy to solve directly rather
than casting it as a DVI.

4. On-Line Nonlinear Programming. We now specialize the results of the previous
sections to parametric NLP problems of the form

min  f(z,t), st. c(z,t)=0, x>0. (4.1)

Here, x € R™ and the mappings f : QxT — R, ¢ : QxT — R are assumed to be continuously
differentiable from the open sets  C 1™ and T' C R. To simplify our discussion and without
loss of generality, we consider only the case where all components of x are subject to inequality
constraints. The first-order optimality conditions of this problem are

V.L(w,t) —v=0, c(x,t) =0, 27v =0, 2 >0, v >0. (4.2)
The Lagrange function is defined as
L(w,t) = f(x,1) + M e(x, 1), (4.3)

where A € R™ are Lagrange multipliers and w’ = [z, AT]. Note that (4.2) can be formulated
without introducing the extra variables v € ™. These multipliers are introduced only for
clarity in the presentation. The optimality conditions can be posed as a GE of the form,

0 € V.L(w,t) — v+ Ngn(x) (4.4a)
0 € C(!L‘7 t) +./\/’9Qm ()\) (44b)
0 € z+ Ngpn (v). (4.4¢)
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If we linearize the optimality conditions around a given solution w; we get,

Hoo(w}, to)  JI (xf,,t0) —In Ax

0ec | Jolzf,,to) AN | + (4.5)
L, Av
VoLt t) -, | [ Nene)
c(xf, , to) + | Npm ()
x, Ny (v)

Here, Ax = x — a7, AN == X = A}, Av = v — v, J.(x} ,t0) = Vac(xf ,to), and
Hyw(wf) to) = Ve L(wy,,t0). As shown in Section 2, to establish conditions for strong
regularity, we eliminate the n; components corresponding to the pair (zf ); > 0, (f); = 0.

This gives a reduced matrix of the form

Hm(w:oato) JzT(fE?O,to) Iy, I,
K(wj ,t —-E Jo(zf ,t
(110 I _| e .
I, |

where E = [I,,, |0]0].

THEOREM 4.1. (Strong Regularity of NLP). Let f(z,-) and c(z,-) be functions from the
open set Q1 € N" into N, N™ that are at least twice differentiable at a point xj € Q. Suppose
that wy, solves (4.4). If, (i) for every monzero vector w € R" satisfying J. (v} ,to)w =
0, Iy,w = 0, one has w” Hyp(w},, to)w > 0, and (i) [J] (], t0) |In, |In,] is full rank, then
(4.5) is strongly regular at this point.

Proof. From Theorem 2.2 we have that it suffices K(wf ,to) to be nonsingular and the
Schur complement matrix ETK (w; ,t9) "'E to be positive definite. As shown in Theorem 4.1
in [15], this is consequence of conditions (i) and (ii). O

The conditions of Theorem 4.1 are the strong second-order conditions and the linear in-
dependence constraint qualification (LICQ) (Chapter 12 in [12]). As seen in Section 2, strong
regularity guarantees that there exist nonempty neighborhoods where the solution of the lin-
earized GE is a Lipschitz continuous function of the problem data. A similar result has been
obtained in [8] without resorting to GE results. In [16] it is shown that by weakening LICQ to
the Mangasarian-Fromovitz constraint qualification (MFCQ), the Lipschitz continuity prop-
erties of the solution are lost (see discussion after Corollary 4.3). The reason is that LICQ
guarantees that the multifunction (4.4) becomes a single-valued function on a neighborhood
of the solution (i.e., the multipliers are unique). Nevertheless, boundedness results still hold
under MFCQ. We emphasize that strict complementarity slackness is not necessary to guar-
antee strong regularity. This property is crucial since, as t varies and the active-set change,
points at which complementarity slackness does not hold will be encountered.

Consider the perturbed QP problem formed at w% = [i‘g;, )\Z)] in the neighborhood of

wy, s
1
i Vo f(@, T Az + 5Aa;THm(wtO, to)Ax (4.7a)
T2>—T,
s.t. ATy, t) + Jo(Tyy, to) Az = 0, (4.7b)

where Az = x — ;,. Note the perturbation ¢, « ¢ in the equality constraints and in the
gradient of the objective function. The solution of this problem is given by the step Aw; toward
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wy. The optimality conditions of this QP formulate an LGE of the form (3.3). Therefore, the
results of Theorem 3.2 apply directly.

5. Augmented Lagrangean Strategy. The approximation results of the previous sec-
tions can be used to derive algorithms to track of the solution manifold of the NLP (4.1). For
instance, as we have seen, solving a single QP (4.7) at each time step is sufficient. In our
context, however, we assume that the QPs are large-scale and may contain many degrees of
freedom and active bounds. Therefore, it is crucial to have a fast solution strategy for the QP
itself in order to keep At as small as possible. Here, we propose to reformulate the NLP using
an augmented Lagrangean function and solve the underlying QP using a PSOR strategy. The
justification of this approach is provided at the end of this section. To derive our strategy, we
define the augmented Lagrangean function,

cﬂ@xumzf@Jyan%w+gwu¢m? (5.1)

A strategy to solve the original NLP (4.1) consists of computing solutions of the augmented
Lagrangean subproblem

i A 2
min - La(z, At p) (5.2)

for a sequence of increasing p. In the following, we assume that the penalty parameter p is
not updated but remains fixed to a sufficiently large value. Consequently, we drop from the
notation any dependencies on this parameter. Note that the multipliers A act as parameters of
the augmented Lagrangean subproblem. The solution of the subproblem is defined as z*(\, t).
The multipliers can be updated externally as

A= A+ pe(x*(A 1), 1). (5.3)

We thus define the solution pair z*(\,t), A*(\,t) = A + pc(x*(\,t),t). The first-order condi-
tions of (5.2) can be posed as a GE of the form

0€ VaLal(z,\t) + Ngn (2), (5.4)
where
VioLa(z,A\t) = Vaf(z,t)+ A+ pe(r, ) Vae(z,t).
The linearized version of (5.4) defined at the NLP solution 7, A = A, is given by
r € VaLa(wy,, Ay to) + Vae La(wi, A, s to) (x — 7)) + Na () (5:5)

for r = 0. To establish perturbation results for the augmented Lagrangean LGE in connection
with those of the original NLP (4.1), we consider the following equivalent formulation of (5.4),
proposed in [3]:

0 € F(w,p(A),t) + Npn spm (w), (5.6)

where

- Vaof(z,t) + ATV c(z,t)
F(w,p(A),t) = c(x,t) +p(N) + 10\ — A) |
w? = [2T AT], and

p(3) = %@ -, (5.8)
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For t = tg and A = X}, we have p(A) = 0, 2*(p(A),t) = zj,, and A*(p(A),t) = A;,. The
solution of GE (5.6) is denoted as w*(p(\),t). The linearized version of (5.6) at wy, is

r € F(wy,,0,t0) + Fyp(wy,0,t0)(w — wg,) + Ngn xgem (w), (5.9)

where

Vi L(w},,to)  Vac(xy,to)

Fu (wto’ 0, to) - Vfdxfo, tO) _%Hm

(5.10)
After applying the reduction procedure of Section 2 to the derivative matrix (5.10) we can
show that, for sufficiently large p, the reduced matrix satisfies conditions of Theorem 2.2 at
a strongly regular solution wy . The proof of this assertion is long and will be omitted here.
It follows along the lines of the results of Section 4 and uses the results of Proposition 2.4 in
[3]. In particular, one needs to show that the negative diagonal matrix in the bottom right-
hand corner of (5.10) does not affect significantly the conditioning of the derivative matrix
for sufficiently large p. Because of the equivalence between (5.4) and (5.6), the same can be
argued for the Hessian matrix V., La (2}, A}, t0). We emphasize that the reformulation (5.6)
is considered only for theoretical purposes. In practice, (5.4) is solved.

We now establish the following approximation results in the context of the augmented
Lagrangean framework.

LEMMA 5.1. Assume wf, is a strongly regular solution of (5.5). Then, there exist neigh-
borhoods Vv ,Vr, and V,, where the solution of the augmented Lagrangean subproblem (5.2)

satisfies, for each t =ty + At € Vp, p(A) € V,,

. * () * Lw A} *
(@) w0 8) —wiy [l < =ZHA = A4, [l + LAt (5.11)
Furthermore, consider the approzimate solution Z(\,t) obtained from the perturbed LGE (5.5)
with

r=ViLa(zs, A, to) — Vala(zy, A, (5.12)
and associated multiplier A(X\,t) = X+ pc(Z(\,t),t). The pair, denoted by w(\,t), satisfies

(i) |lw(\t) —w* (A, t)]| = O ((At + %HZ\ - A§O||> ) : (5.13)

Proof. The result follows from the equivalence between (5.4) and (5.6), by recalling that
p(A;,) =0, p(A) = %HX — A, I, and by applying Theorem 3.1. O
This result states that the solution of a perturbed augmented Lagrangean LGE formed at
wy, provides a second-order approximation of the subproblem solution w*(\,t). The impact
of the multiplier error can be made arbitrarily small by fixing p to a sufficiently large value.
Stability of the tracking error is established in the following theorem. Here, we relax the
requirement of the availability of wj . In addition, we establish conditions for the step size At
and the penalty parameter p guaranteeing that, by solving a single augmented Lagrangean
LGE per time step, the tracking error remains stable.

THEOREM 5.2. (Stability of Tracking Error for Augmented Lagrangean). Assume wy is
a strongly reqular solution of (5.5). Define Z(\,t) as the solution of the LGE,

Te € VI;CA(IZ}O, 5\7 t) + vrxﬁA(ftm;\a to)(l’ - ‘i‘to) + N%i (IL’), (514)
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with associated multiplier update A(\,t) = X+ pc(Z(\,t),t). The pair is denoted by w(\,t).
The reference linearization point wl = [Zf ,AL] with Ny = X+ pc(Ty,,to) is assumed to
exist in the neighborhood Vyy of wy . The associated residual r(wy,,to) is assumed to satisfy
|7 (w4, t0) — 7(wf, to)l| < 0p with §, > 0. Furthermore, assume there exists 6. > 0 such that
[rell < de. If there exists k > 0, At is chosen sufficiently small and p sufficiently large such
that

L, L, Ly, Lo\ 2
Lp, Ly <Lw (1 + —“’) + 1) AL, + =2 (6r + —At) <k <At + ¢—5) (5.15a)
p p Ly p
2
(LwLFw <;Lw + 1> + H) (At + LW;) +6. <6, (1 - <2 + Ld’) LFWLﬁ,ar> . (5.15b)
p p

Then, the tracking error remains stable:

@, — wi |l < Lydr = [[@(A,t) —wi|| < Lyd,.

Proof. Using the equivalence between (5.4) and (5.6), we have w(\,t) = w(p()\),t). Conse-
quently, we need to bound

lo(e(3),6) - wi | = ) .
(O, Ol + (), 1) —will. (5.16)

The second term, the distance between the solution of the augmented Lagrangean subprob-
lem w*(p(A),t) and the NLP solution w;, can be bounded by using the Lipschitz continuity

property,

[ (p(N), ) = wi || = [[w* (p(N), ) = w* (p(A)), 1)
< Lu[lp(d) = (A1)
< Lu[pVI + Lu[[pAD) - (5.17)

The distance between w*(p(X), t) and the approximate solution of the LGE (5.14) follows from
the definition of strong regularity.

1B(p(A), ) = w* (p(A), )l < Lyllr = r(w* (p(X), 1), 1)l

From the equivalence between (5.4) and (5.6) we have that solving (5.14) is equivalent to
solving

Te S F(wm,p(X),t) + Fw(wtoap(j\%to)(w - wto) +N§Ri><§}?m(w)

Consequently, the perturbation r associated to w(p()),t) is given by

T =Te + F(w;,,o»to) + F’w(w:ovovto)(w - w;)) - F(wto’p()\)7t)
- Fw(wt07p(>\)7t0)(w - wto)a
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with w = w(p(A),t). The residual 7(w*(p(\),t),t) is obtained from (2.10). We have

A =r—rw (p()1)
= re + F(w],,0,t0) + Fu(w],,0, t0) (i
- F(wtovp(j‘)’t) - Fw(wtovp(j‘)vto)(

W(p(N),t) — )
— F(wy,,0,t0) — Fu(wy,, 0, t0) (W (p(), 1) — wi,) + F(w” (p(A), 1), p(A), 1)
= re + Fu(wf,, 0,10)(@(p(A), 1) — wi,) + F(wy,, p(A), 1)

— F(wy,,p(A), 1) = Fu (01, p(A), to) (w(p(A)

— Fy(wf,, 0, to)(w" (p(A), 1) — wi,) + F(w* (p(N),
=re+ F(w (p(A), 1), p(A), 1) — Fu(wi, , 0, to) (w”

+ F(wy,, p(A),t) = Fu (s, p(N), to) (wy, —

+ Fu(wf,,0,t0)(@(p(X), £) — wi +w] —wy,)

— Fu (1, p(A), 10) (0 (p(N), £) — wi +wi —wp,).

- F(wtovp(k)vt)

We use the mean-value theorem,
F(w*(p(\), 1), p(A), t) — F(wfo,p(j\), t)
= /01 Fy(wf, +x(w* (p(N), 1) = wy,), p(X), ) (w* (p(N), t) — wy, )dx.
to compute the following bound:

B = [|[F(w” (p(A), £), p(A), 1) = Fu(wy,, 0,t0) (w* (p(A), ) — wy,) = F(wf,,p(A), 1)

13

< /0 | (Fu(wy, + x(w* (p(N),t) — w},), p(N), t) — Fy(wy,,0,0)) (w* (p(N), £) — w}, )| dx

< [lw*(p(N), t) — wfoll/o L, (xX[lw*(p(A), ) = wi, | + (V)] + At) dx

< %LFW lw* (p(A), ) = wi, I + L, [w* (p(A), 1) = wi [I(IpV)]| + At)
< %LFwLi (Pl + A)° + L, L (PO + At) (Ip(K)]] + Ab)

< Lutr (5L +1) (At+ )7,
Similarly,
C = [|F(wf,, p(N), 1) = Fu (@, p(N), to) (Wi, — @) — F(we,, p(A), 1)
< /01 [P (@r, + X (01, — w3,), p(N), t) = Fus(@ey, p(A), to) | |02, — wi, lldx
< [lwe, — wy, || /01 Lg, (x |0y, —w}, || + At) dx
Lp, |0y, —wi |* + Lp, || we, — wy, || At

Lp, L3067 + Ly, Ly6,At.



14 V. M. ZAVALA AND M. ANITESCU

The remaining terms can be bounded as

D= ||Fw(wf0,0,to)(1f)(p(/_\),t) - w: + w? - wz(()) - Fw(wtmp(j‘)atO)(w(p(S‘)’t) - w;ﬁk + w:
< [|Fu(wg,, 0,t0) — Fiu(Wey, p(A), o) [[[[w0(P(A), 1) — wy + wy — wy ||
< Ly, ([lwfy — @l + [lpV]) (lo(pA), 1) = wi || + lw; —wy, )
< L, (Lydy + [lpV) (lo(p(A), 1) — wi || + LuAt) .

Using ||r|]| < §. and merging terms B, C, and D into A, we obtain
_ oy 1 ~ N2
@06~ w (.01 £ Lydi+ LoLuLr, (3Lu+1) (At-+ [p(0)])

Fu L2362 + Ly Lp, L6, At

Fy

L
+¢2

+ LyLp, (Lydr + LylpMN]) (lo(p(A), t) — wf || + LuAt) .
(5.18)

We substitute (5.17) and (5.18) in (5.16) and apply,

1 . L
Ip(x >||<;||A Al < wn (4, t0) — <wt0,t0>||s7”’5r

* 1 * * w
P < ;IIAt = Al < - At (5.19)

to obtain
[@(p(A), t) — wy |

1 _
< Luf+ LoLuLr, (3Lo+1) (80 + O’

1
+LysLe, L3062+ LyLp, Ly6, At
+ LwLFwi(Lw(sr + Lyllp]) (lo(p(A), ) — wi || + LwAt)
+ Lol + Lu[lp(AD) |
1 L6,
< Ly + LyLyLp, (2Lw + 1) (At + )
P

1
+ §L¢LFwab53 + LyLr, Lo, At

+Lp, L35, <1+) (llo(p(A), ) — will + LuwAt)

Lo,

At
+ Ly —7" 4 L2 =
P

p’
For stability we require ||@w(p()),t) — wf|| < Ly6,. This implies
2
Ly 1 Lydr
Ly + Lo (138, + LuAt) + LyLuLp, (3Lu +1) (At + 222)

L¢5T > 7
o
1 - L, L26, (1 n 7)

LyLi, (1262 + Ly8,At) + Ly, L26, (1 + L—;) LAt

’ 17LFL5< Lw)

w
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Dividing through by L, and rearranging we have,

L
8, — L, L2687 (1 + w)

P

Ly, Ly, 1

>0+ — <5T+At> + LyLp, <Lw+1> < )
14 Lw 2
1
+Lp, (iLQQ/)(S?« + Lw(SrAt) + Lp, L,I/)L“,(;T ( >

&(3 Lw) ., L2062
2

1 L
> 6.+ Lo Lp, (§Lw + 1) (At+ Ludr )
p

+LF“,L¢,(L <1+Lw) )5At+L (5 + ”At).
p p Ly

This last condition is satisfied if (5.15a)-(5.15b) hold. The proof is complete . O

Discussion of Theorem 5.2. The recursive stability result of Corollary 3.3 also applies
in this context. Conditions (5.15a)-(5.15b) reduce to (3.5a)-(3.5b) for p — oco. Therefore, sim-
ilar order results to those of Theorem 3.2 can be expected for sufficiently large p. Note also
that the initial multiplier error (bounded by 0,.) always appears divided by p. This indicates
that relatively large initial multiplier errors can be tolerated by increasing p. Nevertheless,
note that the second term on the left hand side of (5.15a) remains o(At) even if 6, = O(At?).
In other words, this condition is more restrictive than (3.5a). This term arises from the appli-
cation of the Lipschitz property to bound [|A} — Aj || One could try the alternative approach
of using the residuals to obtain less conservative bounds for [[w*(p(X),t) — w*(p(A}),t)] in
(5.17). Even with this approach, however, we have not been able to do so. This difficulty
seems to be related to the fact that the multiplier update is only first-order [3], so, at least in
the form presented here, we find it unlikely that the method would succeed in converging as
At — 0 without letting p — oo.

As a final remark, we point out that the stability conditions can be satisfied for fixed
and sufficiently large « as long as p = O (A%:) and &, = O(At?). This has the side effect of
having p effectively as a penalty parameter, a situation that resembles the use of a smoothing
barrier function and that may raise stability problems. While both penalizations arise in
different contexts, an important question is whether the augmented Lagrangean penalization
is more stable than that obtained by using smoothing penalty functions. In our scheme, the
penalty parameter is finite for every fixed At, and the scheme is guaranteed to be stable.
For continuation schemes, however, stability results incorporating smoothing functions are
currently lacking. A simple numerical comparison will be presented in the next section. A
more rigorous stability analysis is a left as an interesting topic for future research.

In order to solve the QP associated to the LGE (5.14), we follow a PSOR approach. The
QP has the form,

1
min izTMz + b7z (5.20)

z2Q
Any solution of this QP solves the LCP,
Mz+b>0, z—a>0, (z—a)’(Mz+b)=0. (5.21)
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Consider the following PSOR algorithm adapted from [10, 11]:

PSOR Algorithm.
Given 2° > «, compute for k = 0,1, ..., njzer,

k+1 k w E+1 k

27T = (1 - w)z} ~ ML ZM”ZJ'+ JrZMijzj —b;
"o\ j<i J>i

2t

ST = max (zk"’l,ai) , i=1,..,n, (5.22)

i
where w is the relaxation factor.

THEOREM 5.3. (Theorem 2.1 in [11]). Let M be symmetric positive definite. Then, each
accumulation point of the sequence {2z} generated by (5.22) converges to a solution of the
LCP (2.8). The rate of convergence is R-linear.

A suitable measure of progress of the PSOR algorithm is the projected gradient (or resid-
ual) Px (M z + b), where K :={z|z > a} and

[ min{0,g9;} ifz; =0q
(Preta), ={ e s (5.23)

This is based on the fact that a solution of (5.20) satisfies Px (M z + b) = 0. Similarly, the
progress of the algorithm can be monitored by using the projected gradient of the augmented
Lagrangean function ngi (Vzﬁ A(i’tk,jxtk,tk, p)) This is a more direct convergence check of
(2.1), as opposed to (3.7). The computational complexity of PSOR is at most O(n?) where n
is the dimension of z. We can now establish our tracking algorithm (4.1), which we refer to
as AugLag:

AuglLag Tracking Algorithm.
Given -ftoa )‘tov Atv P5 Niter -~ -~
1. Evaluate VQ;EA(i'tk y Atk s tk+1, p) and Vx;cLA(-ftk s )‘tk 5 tk, p) B
2. Compute step AZy, , by applying n;e, PSOR iterations to (5.20) with M = V. LA (T4, , Aty s thes ),
b =V.LaA(Z¢,, Aiy» tit1, P)- - B
3. Update primal variables z, ,, = Z¢, +AZy, ,, and multipliers Ay, ., = Mg, +pc(Te, s tht1)-
4. Set k «— k+ 1.

Justification of Augmented Lagrangean Framework. To justify the choice of the
AugLag framework from a computational point of view we make the following observations.
If the QP (4.7) is sparse, full-space active-set and interior-point solvers are the most efficient
alternatives [2, 18]. In on-line NLP applications, active-set strategies have been preferred
because warm-start information can be used to reduce the number of iterations, as opposed to
interior-point methods. However, the time per iteration in an interior-point solver tends to be
smaller because the linear algebra can be done more efficiently. The reason is that the structure
of the Karush-Kuhn-Tucker matrix is fixed and, consequently, symbolic factorizations need to
be applied only once. In addition, high-level structures can be exploited. In most active-set
and interior-point implementations, direct indefinite linear solvers are used to compute the
search step. The accuracy of these steps is high. However, the computational overhead of a
single factorization can be very high as well. As an alternative, one could consider the use of
iterative linear solvers such as QMR, GMRES, or PCG in an interior-point framework [5]. A
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problem with this approach is that multiple linear systems still need to be solved since active-
set identification (i.e., barrier parameter update) is performed externally. This situation could
be avoided by fixing the barrier parameter to a given value. However, as we will see in the
next section, this smoothing approach is not very robust. Based on these observations, we
argue that the AuglLag strategy is attractive because: (i) the iteration matrix (Hessian of the
augmented Lagrangean) remains at least positive semi-definite close to the solution manifold,
(ii) it performs linear algebra and active-set identification tasks simultaneously, (iii) it can
exploit warm-start information, and (iv) it has a favorable computational complexity. We
emphasize that achieving a high accuracy with PSOR might require a very large number of
iterations. As demonstrated by Theorem 5.2, however, this does not represent a limitation in
an on-line setting. Nevertheless, it does limits the attractiveness of PSOR in a more general
NLP context.

6. Numerical Example. To illustrate the developments, we consider the receding-
horizon control of a nonlinear CSTR [9]. The optimal control formulation is given by

t+T
n%ir)l / (wT(ZT - Z;«p)Q +we(ze — Zép)2 + wy (u — usp)2) dr
u(T t

dZC o 2C — 1 —Lug o
s.t. 7 =7 +kozcexp[ o ] , 20(0) = z¢(t)
d — -E,
& g hsoexp [T} +ouler —27%), 2r(0) = zr(t)

Zgun S 20 S Zg}a:v7 Z%nzn S 27 S Z%nax’ umin S U S umam'
The system involves two states, z(7) = [z¢(7), 21 (7)], corresponding to dimensionless concen-
tration and temperature, and one control, u(7), corresponding to the cooling water flow rate.
The model time dimension is denoted by 7, and the real time dimension is denoted by ¢. Ac-
cordingly, the receding-horizon is defined as 7 € [t, ¢ + T, and the initial conditions are zr(¢)
and zc(t). The model parameters are 25 = 0.38, zé =0.395, B, =5, a = 1.95x 10%, 6 = 20,
ko = 300, we =1 x 105, wy = 1 x 103, and w,, = 1 x 1073. The bounds are set to z2*" = 0,
23 = 0.5, 2 = 0.5, 29 = 1.0, u™" = 0.25, and u™** = 0.45. The set-points are
denoted by the superscript sp. For implementation, the optimal control problem is converted
into an NLP of the form in (4.1) by applying an implicit Euler discretization scheme with
N = 100 grid points and A7 = 0.25. The NLP is parametric in the initial states, which are
implicit functions of t. To apply the Auglag tracking algorithm, we define a simulation horizon
t € [to, ty] which is divided into N, points with states z(tx), k =0,..., Ng and At = tj1 —ty.
We set the augmented Lagrangean penalty parameter to p = 100. To solve the augmented
Lagrangean QP at each step, we fix the number of PSOR iterations to 25. To illustrate the
importance of handling non smoothness effects in a consistent manner, we compare the per-
formance Auglag with two continuation algorithms incorporating different smoothing barrier
functions. The first algorithm (Log Barrier) smooths out the inequality constraints by using
terms of the form p-log(x — ™) + p-log(x™® — z), u = 1.0 [17, 18]. The second algorithm
(Sqrt Barrier) incorporates terms of the form p - sqrt(x — ™) + p - sqrt (2% — 2), p = 100
[14, 6]. To prevent indefiniteness of the barrier functions near the boundaries of the feasible
region, we incorporate a fraction to the boundary rule of the form,

r = min(max(z, 2™ 4+ €), 2™ —¢€), e=1x 107"

We initialize the algorithms by perturbing an initial solution wy as wy, « wj, -, where
dw > 0 is a perturbation parameter. This perturbation generates the initial residual r(w,, t)
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Fic. 6.1. Residual trajectories for Barrier and AugLag continuation algorithms with §,, = 1.25.
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F1a. 6.2. Residual trajectories for AugLag with increasing At.

. An additional perturbation, in the form of a set-point change, is introduced at t; = 50. The
residuals along the manifold r(w@y, , ) are computed from (3.7). In our numerical experiments,
all the algorithms are able to tolerate relatively large initial perturbations, maintaining the
residuals stable along the entire time horizon. Log Barrier destabilizes at d,, = 1.20 while
Sqrt Barrier destabilizes at §,, = 1.25. Auglag remains stable in both cases, tolerating
perturbations as large as d,, = 5.0. In Figure 6.1, we present the norm of the residuals along
the simulation horizon with A¢ = 0.025 and for an initial perturbation of §,, = 1.25. As can
be seen, even if the initial residual is large, O(10?), AugLag remains stable. In addition, the
use of smoothing functions introduces numerical instability. We now illustrate the effect of
At on the residual of Auglag. Here, the initial residual is generated by using 6,, = 5.0 and
can go as high as O(10%). In Figure 6.2, note that the residual levels remain stable, implying
that 4, is at least O(10%). The set-point change generates a residual that is only O(10°) and
can be tolerated with no problems. The PSOR residuals r. at the beginning of the horizon
and at t;, = 50 are O(107!) and go down to O(107%) when the system reaches the set-points.
In Figure 6.3, we present control and temperature profiles for At = 0.25 and At = 0.01. As
expected, the tracking error decreases with the step size. We note that the PSOR strategy
does a good job at identifying the active-set changes in subsequent steps. At a single step,
up to 100 changes were observed. For the larger step size, note that even if the active-sets do
not match, the residuals remain bounded and the system eventually converges to the optimal
trajectories.

7. Conclusions and Future Work. We have presented a framework for the analysis of
parametric nonlinear programming (NLP) problems based on generalized equation concepts.
The framework allows us to derive approximate algorithms for on-line NLP. We demonstrate
that if points along a solution manifold are consistently strongly regular, it is possible to
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Fi1c. 6.3. AugLag and optimal trajectories for the control (top) and temperature (bottom).

track the manifold approximately by solving a single linear complementarity problem (LCP)
per time step. We established sufficient conditions that guarantee that the tracking error
remains bounded to second order with the size of the time step, even if the LCP is solved
only to first-order accuracy. We present a tracking algorithm based on an augmented La-
grangean reformulation and a projected successive overrelaxation strategy to solve the LCPs.
We demonstrate that the algorithm is able to identify multiple active-set changes and reduce
the tracking errors efficiently. As part of our future work, we will establish a more rigorous
comparison between the stability properties of the augmented Lagrangean penalization and of
smoothing approaches. In addition, we will study the possibility of proving convergence, with-
out requiring the augmented Lagrangean penalty parameter to go to co. We will establish
a more efficient implementation of the algorithm and will perform a detailed computational
analysis. This strategy has the potential to solve large-scale NLPs in real-time environments.
In addition, we are interested in exploring a strategy able to adapt the number of PSOR iter-
ations (and thus the step size) along the manifold. Such a strategy could reduce the tracking
errors and improve the robustness of the algorithm.
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